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generating a transmembrane resting potential. Myocardial hypoxia leads to depletion of high energy phosphates. The sodium-potassium pump fails, sodium leaks in, and the transmembrane potential approaches threshold levels. In contrast to skeletal muscle, the myocardium is highly aerobic. The isoenzyme of lactic dehydrogenase found in the myocardium favors the conversion of lactate to pyruvate rather than the reverse reaction (pyruvate to lactate), which is necessary for the anaerobic replenishment of oxidative enzymes. Anaerobic metabolism fails, even while substrate is still available, because glycolytic enzymes such as phosphofructokinase are extremely sensitive to accumulation of hydrogen ions. Oxygen delivery to the myocardium during rest and exercise is closely related to coronary blood flow. While the systemic vascular bed extracts but 25 percent of the oxygen delivered to it, the myocardium extracts 60-65 percent of delivered oxygen so that coronary sinus oxygen tension is quite low, averaging 25 mm Hg. The peripheral tissues increase oxygen requirements by increasing both blood flow and oxygen extraction. Increased myocardial oxygen needs, in contrast, are normally met by increasing coronary blood flow, since increasing myocardial oxygen extraction would result in dangerously low myocardial cellular oxygen tensions. The performance of the heart is flow-dependent; a distensible coronary vascular system is necessary for maintenance of myocardial cellular integrity under conditions of stress.
We have recently studied the flow-dependency of the human myocardium. Figure 1 shows that the IS II breathing bag, led to a restoration of cardiac action. Subsequent investigation revealed a large rent in the inspiratory tubing of the ventilator.
The blood gas data detailed in Table 1 implicate acute hypercapnia with acidosis as the responsible factor. The precipitous fall in pH from 7.43 to 7.10 units in response to a rise in carbon dioxide tension from 37 to 90 mm Hg reveals the vulnerability of the normal body buffer stores to sudden increments in carbon dioxide tension. This observation that a sudden reduction in pH due to acute hypercapnia is capable of producing cardiac arrest in the critically ill patient appears to be at variance with the observations of Rogers et al that acute elevations of carbon dioxide tension in the dog do not significantly alter the ventricular fibrillation threshold. Perhaps variables other than the ventricular fibrillation threshold influence the development of electrical instability in the clinical situation.
This essay attempts to relate Rogers' observation that the ventricular fibrillation threshold is a primary protected variable to the clinical observation that arrhythmias arecommon inpatients withhypoxemia and abnormalities of carbon dioxide tension. Central to this discussion is the realization that the neurohumoral-circulatory regulatory system, evolved over centuries of prehistoric existence, depends on a distensible vascular bed and is frequently at a disadvantage in modern atheromatous man. Apparently, coronary artery disease was not anticipated when the genetic templates for a control system were first laid down, since a few localized areas of vascular obstruction can derail the entire organism. The response of the diseased coronary vascular bed to stress is relevant to this discussion, because a high proportion of Americans over the age of 40 have coronary artery disease. While the patient with pulmonary disorders was once thought to be somewhat immune from the development of coronary arterial disease, recent autopsy studies have revealed that as many as one quarter of patients dying with acute respiratory failure have morphologic evidence of acute myocardial infarction.4 Electrical stability of the myocardial cell is tightly coupled to oxygen availability. An energy-dependent sodium-potassium pump maintains optimal transmembrane gradients for potassium and sodium, The ability of a tissue to autoregulate blood flow in response to metabolic need is revealed in studies which demonstrate that coronary blood flow is relatively independent of perfusion pressure. If the coronary vessels functioned as rigid tubes of constant resistance, a decrease in perfusion pressure would lead to an equivalent decrease in blood flow. In fact, however, a decrease in perfusion pressure produces local vasodilatation which tends to maintain coronary blood flow. Probably vasodilating substances released from the hypoxic cell such as adenosine, adenosine diphosphate and potassium increase blood flow and improve tissue oxygen tension. An increase in perfusion pressure evokes vascular smooth muscle contraction, narrowing the vascular lumen and preventing an increase in blood flow.
Recent studies from our laboratory have emphasized the importance of vascular distensibility in the control of oxygen consumption.6 Metabolic sampling from the coronary sinus has been performed in patients following acute myocardial infarction. The mixed coronary sinus blood is a weighted representation of events occurring in the diseased and nondiseased segments of myocardium. Since at least 40-50 percent of the myocardium is diseased in patients with shock following myocardial infarction and the remainder of the vascular bed is probably maximally dilated, metabolic sampling in these patients presumably reflects the function of a rigid vascular bed. Coronary sinus sampling of patients not in shock reflects in large part the function of the normally distensible vascular bed. Figure 2 shows that coronary blood flow is unrelated to perfusion pressure in patients with predominantly normal vascular beds. In these patients, vascular distensibility is intact and flow is regulated by changes in vascular resistance. Coronary blood flow, in contrast, is dependent on perfusion pressure in the patients with a rigid vascular bed (Fig 3) . The situation is quite different in the patients with a rigid vascular bed. A relationship between oxygen consumption and coronary blood flow does not exist ( Fig 4A) . Myocardial oxygen consumption is closely related to oxygen extraction, however, indicating that increased oxygen requirements can only be met by significant increases in oxygen extraction (Fig 
5A).
These two groups of patients have been selected to illustrate the importance of vascular distensibility in the maintenance of cellular oxygen tension. Many critically ill patients have regional coronary artery disease and it is these local areas of decreased dis- oIIP.261 tensibility that determine the response to arterial hypoxemia, hypercapnia, or acidosis. While the normal coronary bed may appropriately dilate in response to hypoxemia, coronary flow and oxygen delivery is limited in regions of the myocardium supplied by diseased coronary vessels. In these regions, arterial hypoxemia leads to an increase in oxygen extraction and a decrease in coronary sinus oxygen tension. Myocardial hypoxia develops, hydrogen ions accumulate, adenosine triphosphate production declines, activity of the sodium-potassium pump decreases, resting membrane potential approaches threshold potential-and serious cardiac arrhythmias may ensue. Inability to decreasevascular resistance in response to environmental stress explains many of the differences between Rogers' observations in the normal dog and the frequent occurrence of cardiac arrhythmias in the critically ill patient with hypoxemia. There are several additional differences between the ventricular fibrillation threshold model used by these investigators and the integrated clinical situation which should be explored.
CHEST, VOL. 63, NO. 6, JUNE, 1973 Failure of ventricular fibrillation threshold to decrease following production of respiratory acidosis suggests that elevation of carbon dioxide tension must differ in some important respects from the production of metabolic acidosis. Carbon dioxide, like hypoxemia, stimulates the sympathetic nervous system and is an extremely active vasodilator. Lorento de No7 found that carbon dioxide increased the membrane potential in nerve tissue, increasing the threshold of stimulation while decreasing the speed of nerve impulse conduction. Presumably, an effect on ventricular fibrillation threshold would be determined by the balance between the effect of acidosis in decreasing threshold and the effect of carbon dioxide on tissue blood flow and membrane potential which would tend to increase the threshold.
The peculiar relationship between hypercapnia and hypoxemia in augmenting ventricular fibrillation threshold is difficult to understand. Regardless of sequence, the combination of hypoxemia and hypercapnia produced a striking increase in ventricular fibrillation threshold. One can only speculate that the combination of increased blood flow produced by both stresses minimized cellular acidosis, while the direct effect of carbon dioxide on membrane potential discovered by Lorento de No7 served to increase the threshold.
What are the implications of these findings for the patient withacuterespiratory failure? The responseof themyocardium to profoundhypoxemia will depend on the presence of associated coronary artery disease. Hypercapnia and hypoxemia produce pulmonary arteriolar constriction leading to pulmonary arterial and right ventricular hypertension.8
The acidotic, hypoxic, and in electrolyte imbalance; following correction of these conditions, the arrhythmias often disappear.1 The precise role which acid-base imbalances and hypoxia play in the genesis of these cardiac arrhythmias is poorly understood. One experimental model useful in studying ventricular vulnerability to arrhythmias is the determination of the ventricular fibrillation threshold (VFT), as first described by Wiggers and Wegria.5 Indeed, studies employing this technique during experimental acute myocardial infarction6'7 and multiple premature ventricular contractions8'9 have shown a decrease in the VFT; these results are consistent with the increased risk of ventricular fibrillation associated with these clinical conditions.
A VULNERABILITY OF CANINE VENTRICLE TO FIBRILLATION 987
CHEST, VOL. 63, NO. 6, JUNE, 1973 Previous reports'#{176}'4 have provided diverse conclusions regarding the effects of acid-base pertubations on the VFT. In general, all studies agree that metabolic acidosis decreases the VFT; however, there is no complete agreement regarding the other states of acid-base imbalance, and this disagreement may be due to the differences in research protocols employed. Clinically, respiratory acidosis is frequently observed together with hypoxia; however, no VFT studies in animals under these conditions have been reported. We report the effect of respiratory acidosis with and without concomitant hypoxia upon the ventricular fibrillation threshold. In addition, limited studies investigating the other acidbase disturbances are discussed.
METHODS
The experiments were performed on 21 mongrel dogs ranging in weight from)) 12.0 to 16.4 kg, and anesthetized with intravenous sodium pentobarbital (30 mg/kg). All dogs were young adults and apparently healthy and normal. The animals were mechanically ventilated with a Harvard pump following tracheostomy, and body temperature was maintained within normal limits with a thermal mattress. The electrocardiogram (ECG) and blood pressure were monitored continuously. Catheters were placed through the right femnoral artery and vein into the abdominal aorta and posterior vena cava respectively. The heart was exposed through a right thoracotomy and was suspended in a pericardial sling. A bipolar plunge electrode was secured to the right atrial wall and the sinus node crushed to allow pacing of the heart at a constant cycle length of 380 msec during all experimnents.
The ventricular fibrillation threshold (VFT) was considered the minimum current, measured in milliamperes (mnA), necessary to initiate ventricular fibrillation. The VFT' was determined by passing a gated train of impulses through the right ventricular myocardium in gradual increments of current until fibrillation ensued. During the vulnerable period of the cardiac cycle, 10 to 12 square wave impulses, 4 mnsec in duration and separated by 10 msec, were programmed on a digital stimulator and delivered by a Grass stimulator to the region of the right ventricular apex through a bipolar epicardial electrode sutured to the mnyocardiumn. The electrodes, em)lbeddedin an acrylic plaque, were 1.5 nun in diameter and were separated by 5.0 mm. Pacing the atrium at a constant cycle length penriitted the train to be synchronously delivered to the ventricle during the same relative period in the EGG during each determination. In addition, 12 paced sitpraventricular beats were allowed between experimental stimuli to avoid changes in the VFT secondary to the preceding premature contractions. The magnitude of the current delivered through the fibrillating electrodes was mea.sured by recording the voltage drop across a precision 1000 ohm resistor placed in series with the VF'T electrode. Immediately following initiation of the fibrillation, the heart was defibrillated with the use of a capacitor discharge DC defibrillator with the paddles separated from the heart by wet gauze or the reapposed chest wall to minimize myocardial damage. The heart was allowed to recover for 10 to 15 minutes following each VFT detennination. A minimum of three consecutive and consistent values were obtained during any one acid-base disturbance before compounding with another or returning to control conditions. Hence, this study addresses itself to the quasi steady state effects of acid-base disturbances rather than the transient or prolonged steady state effects. A recording of one VFT determination is shown in 
Control Studies

RESULTS
The control studies were of two types. In one, animalswere maintainedin the control statefor four to five hours and fibrillation thresholds were measured frequently; in the other, the control threshold of each animal was determined prior to each experiment.
In order to determine the effects of successive episodes of ventricular fibrillation and defibrillation over the time span of our experiments, ventricular fibrillation was induced every 10 to 15 minutes over a period of 240 minutes in three animals while the Pao2, Paco2 and arterial pH were maintained within normal limits. The results of one such experiment are shown in Figure 2 . The blood pressure remained constant during the experiment, rapidly returning tonormalfollowing each defibrillation. The average VFT over this prolonged control period was 29.2 mA (± 0.953mA). The range of control values was 28.0 to 30.5 mA, and expressed as percent differences from the mean-this range was -4.1 percent to +4.4 percent (SD ±3.183 percent). Similar results were obtained in two other dogs studied in this manner.
Changes of less than ±10 percent from control (approximately three standard deviations) were therefore not considered significant in our experiments. In all our studies, each animal acted as its own control. The control values for each individual dog in this study, although stable, varied from animal to animal from 7 to 30 mA, as has been noted previously.'6 However, the VFTs measured during the control period of each experiment were within ±10 percent of the mean which was used as the control value for that particular animal.
Metabolic Acidosis and Alkalosis
The effects of intravenous infusion of hydrochloric acid and sodium bicarbonate over the pH range, 7.025 to 7.590, were studied in five dogs. All experimental points are shown in Figure 3 . The curvilinear line is a computer calculated nonlinear regression line with a correlation coefficient of 0.77.#{176} The stippled area defines ±10 percent deviation from control values. The Pao2 and Paco2 remained within the normal range throughout these experiments. Acid infusion decreased the VFT by approximately 50 percent over the pH range attained with this procedure. The degree of acidosis, however, was not correlated with the magnitude of the decrease in threshold. In contrast, pH elevation by sodium bicarbonate infusion resulted in marked increases in the VFT and the greatest increases in threshold are seen with metabolic alkalosis at the #{176}Melbin, J.: Non-linear regression lines for bio-data. Submitted to Computers and Bio-Medical Research.
